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Abstract 

The upper 35 m of a thick (~<175 m) Early Jurassic North Mountain Basalt flow at KcKay Head 
contains 25 cm thick differentiated layers that are separated by 130 cm sections of basalt. The lower 
layers are mafic, pegmatitic, and contain thin (2 cm), fine-grained 'rhyolite' bands. Evidence that the 
rhyolite represents a Si-rich immiscible liquid includes: (1) textures such as fiine-grained globules of Fe- 
rich pyroxene (once Fe-rich liquid) bordering pegmatite feldspar grains; (2) structureless, microcrystal- 
line, interstitial, polygonal patches of Si-rich minerals and similar areas of Fe-rich stilpnomelane 
surrounding skeletal Fe-Ti oxide grains, with bulk chemical compositions (to a first approximation), 
relative proportions and total modat percentages suggesting they were once Si-rich and Fe-rich glasses 
respectively; (3) basalt and pegmatite compositions (particularly their Fe, and Ti contents) similar to 
rocks known to contain immiscible liquids; (4) rhyolite major element compositions generally 
consistent with formation from an immiscible Si-rich liquid; (5) mineral compositions and temperature 
of pegmatite formation compatible with immiscibility; (6) the inability of mass balance calculations 
(crystal fractionation) to explain rhyolite formation unless mesostasis stilpnomelane (representing the 
Fe-rich liquid) is included in the caculations. If, as we suggest, these rocks are the result of 
immiscibility, they shed light on the incipient formation of granophyres in mafic intrusions and support 
liquid immiscibility as an important rock-forming process. 

KEVWORDS: rhyolite, immiscibility, silicate liquid, North Mountain Basalt. 

Introduction 

FOLLOWING Bowen's (1928) conclusion that 
liquid immiscibility is not an important process in 
the differentiation of mafic rocks, most petrolo- 
gists concentrated on documenting the effects of 
crystal fractionation on magma evolution. In 1970 
Roedder and Weiblen reported that many lunar 
rocks contain globules of glass within a second 
chemically distinct glass. Since then numerous 
examples of immiscibility have been reported for 
terrestrial basalts (Roedder and Weiblen, 1971; 
De, 1974; Philpotts, 1976, 1978, 1979, 1982). This 
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work has demonstrated that many basalts, in 
particular tholeiites, pass through a two-liquid 
stage during crystallisation. However the irrefu- 
table evidence for immiscibility, one glass inside 
another is lost if the liquids separate. Thus the 
critical question, whether immiscibility is an 
important rock-forming process or is restricted to 
the mesostasis of basaltic rocks, remains un- 
answered. Although the importance of immiscibi- 
lity remains uncertain, melting experiments by 
McBirney (1975) showed that separation of a 
siliceous immiscible liquid may have produced 
late-stage granophyres in the Skaergaard 
intrusion. 

In this paper we report on a thick tholeiitic 
North Mountain Basalt flow in Nova Scotia (Fig. 
1) showing metre-scale layering with thin 'rhyo- 
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Fro. 1. Map showing the location of McKay Head and the distribution of North Mountain Basalt (solid black). 

lite' bands produced by differentiation of the 
basalt. Much, though not all of the textural, 
mineralogical and chemical data suggest that the 
rhyolites formed through immiscibility, but the 
delicate, definitive evidence (globules of one glass 
inside another) may have been obscured by 
zeolite facies metamorphism. 

Geology and field description 

The North Mountain Basalt Formation (190 
Ma; Hayatsu, 1979) consits of a thick (typically 
150-200 m) lower flow and similarly thick upper 
flow separated by a 50 m thick middle unit of thin 
flows. The upper flow is overlain locally by 75 m 
of thin flows (Papezik et al., 1988; Greenough 
et al., 1989). The two thick flows are physically 
and isotopically traceable for more than 230 km 
along the Bay of Fundy (Fig. 1; Jones and 
Mossman, 1988; Greenough et al., 1989; J. Col- 
well, pers. comm.). The basalts are chemically 
typical of high-Ti quartz-normative tholeiites 
from the Early Jurassic, Eastern North American 
dolerite province (Dostal and Dupuy, 1984; 
Papezik et al.,  1988). 

Layering is apparent in the upper portions of 
the two thick flows at numerous localities around 
the Bay of Fun@ but nowhere is it better 
displayed than in the --175 m thick upper unit at 
KcKay Head (Fig. 1). The section at McKay 
Head dips to the west but the lowermost layered 
portion of the flow is not exposed due to a fault 
that cuts the section 34 m below the flow top. 
Layering is defined by -25  cm thick mafic 
pegmatites which gradually change upward into 
similarly thick vesicular layers. Layers are 
separted from one another by --130 cm thick 
sections of basalt (Fig. 2). From the flow top to 
the fault there is 5 m of unlayered basalt, 7 m of 
basalt with vesicular layers, and an 8 m layered 
transition zone followed by 14 m of basalt con- 
taining mafic pegmatite layers. These rocks 
underwent zeolite facies metamorphism 
(Aumento, 1966) but the pegmatites discussed 
here were relatively unaffected by metasomatism 
compared to vesicular rocks near the top of the 
flow (Greenough et al.,  1989). 
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FI~. 2. Layering in the upper 35 m of the basalt flow at 
McKay Head. Broad dark lines are proportional in 
width to pegmatitic and vesicular differentiated layers. 
Depth in the flow (m) appears on the left. Layer 
numbers, sample locations and summary rock descrip- 
tions are given on the right. Diagram modified after 

Greenough and Dostal (in press.). 

The various types of layering at McKay Head 
are described in detail in Greenough and Dostal 
(in prep.), but emphasis is placed here on the 
pegmatitic rocks. For descriptions of other mafic 



LAYERED 

flows exhibiting layering, the reader is referred to 
Emerson (1905), Annells (1973), Helz (1980), 
and Puffer and Horter (1991). 

The mafic pegmatite layers at McKay Head are 
6 to 56 cm thick and show sharp to gradational 
contacts with interlayered, 80 to 180 cm thick, 
coarse-grained basalt. The lower pegmatitic 
layers locally display <15 cm long variolitic 
sheaths of augite which extend inward from the 
top and bottom of the layers. Typically, a fine- 
grained, sinuous, locally vesicular, rhyolite band 
1--4 cm thick occurs in the middle of, and forms a 
sharp contact with each pegmatite layer (Fig. 3a). 
The bands are easily overlooked because they are 
similar in colour to the pegmatites, but their 
siliceous nature becomes apparent on petro- 
graphic or chemical analysis. In some of the 
thicker pegmatites, rhyolite occurs in crossing, 
discontinuous (<1 m long) stringers <1 cm wide. 
Vesicularity of the rhyolite bands tends to 
increase with height. Individual pegmatite layers 
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and their rhyolite bands are traceable for 50 m 
along the shoreline. 

Sampling and petrographic information 

Sampling locations appear in Fig. 2. Mineral 
and mesostasis analyses reported in Table 1 and 
discussed in the text were made using wavelength- 
dispersive electron microprobes at The Memorial 
University of Newfoundland (JEOL JXA-50A) 
and the University of Saskatchewan (JEOL 
JXA-8600). 

Basalt samples (MCK1, MH15A) from 
between layers display intergranular to subophitic 
textures with subequal proportions of tabular, 
zoned (An73-48) plagioclase (~<1.5 mm) and 
tabular to interstitial, commonly twinned, augite 
grains (~<2.0 mm) bearing fine pigeonitic exsolu- 
tion lamellae locally. Analyses of augite show 
limited compositional variation and average 

FIG. 3. (a) Pegmatite layer number 4 (Fig. 2) showing a narrow and vuggy (vesicular) rhyolite band in the middle. 
The upper and lower boundaries of the pegmatite occur near the ends of the 30 em ruler. (b) Photomicrograph of a 
skeletal Fe-Ti-oxide grain in a rhomb-shaped mass of microcrystalline stilpnomelane (S) the latter bounded by 
augite on the far right (A) and plagioclase with poikilitic augite globules on the left (P) (plane polarised light, field 
width - 1.25 ram). (c) Pyroxene globules (G) along the edge of a plagioclase grain (P) and projecting locally into 
quartzo-feldspathic matrix (M) of a mafic pegmatite sample (plane polarised light, width of photograph = 
3.25 mm). (d) Contact between a rhyolite band (lower portion of photograph) and mafic pegmatite. A long 
pyroxene crystal (X) and zoning in a plagioclase crystal (P) are truncated at the rhyolite band (crossed polars, field 

width = 3.25 ram). 
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Table l Analyses of minerals and mesostasis. 

Basalt Rhyolite PeKmatite 
Plasio- Au~ite Ferro- Ferro- Auglte Ferre- Stilp- Mesa- Ilmen- Mag- 
close auslte auzite rich- nome- stasis ite ne- 

terite lane tlte 

MCKI-3L MHL5A4X MCK2F2X MCK3B4X MCK2B4X MCK2BIA MCK3T-S MCK2BM 2B-1 2B-M 

SiO 2 52.50 53.14 48.25 48.26 52.81 52.64 37.9'7 78.50 0.00 0.18 
TiO 2 - 0.38 0.75 0.59 0.32 0.31 0.15 0.19 40.09 17.38 
A1203 28.98 1.56 1.06 0.72 1.99 0.99 10.52 11.45 0.05 0.99 

Cr203 - 0.15 0.00 0.02 0.27 0.00 - 
FeO 0.89 9.i? 26.41 30.54 8.36 19.99 18.82 0.70 48.43 74.31 
MnO - 0.20 0.54 0.69 0.18 0.08 0.12 0.03 0.36 0.39 
MsO - 16.98 4.25 6.59 17.60 7.98 12.92 0.36 0.17 O.Og 
CaO 12.51 15.05 17.89 11.64 18.65 6.45 1.76 0.25 0.02 0.00 
No20 4.31 0.14 0.16 0.09 0.28 6.70 0.37 3.09 0.04 0.00 
K20 0.23 0.01 0.02 0.00 0.00 0.00 0.23 5.41 0.00 0.00 
P205 . . . .  0.02 0.03 0.00 0.03 

TOTAL 99.42 99.63 99.32 99.34 100.19 95.14 82.88 lO0.Ol 89.16 93.37 

Si g.62 1.962 1.958 1.962 1.937 8.09 6.88 0.000 0.06 
~i -- 6.26 0.068 0.051 0.034 0.086 0.18 2.25 0.003 0.40 
Ti - 0.012 0.026 0.020 0.010 0.04 0.02 1.$67 5.00 

Cr - 0_004 0.000 0.001 0.008 0.00 - - 
Fe 0.14 0.283 0.896 1.038 0.256 2.57 2.86 2.226 21.10 
Mn 0.006 0.019 0.024 0.006 O.Ol 0.02 0.017 0. ii 
M 6 - 0.934 0.257 0.399 0.962 1.83 3.49 0.014 0.05 
Ca 2.46 O~q14 0.778 0.516 0.733 1.06 0.34 O.OOl 0.00 
Na 1.53 0.010 0.013 0.007 0.020 2.00 0.1:3 0.004 0.00 
K 0.05 0.000 0.001 0.000 0.000 0.00 0.05 0.000 0.00 
p 0.00 0.000 0.01 

Notes: Major elements in oxide wt. % with total Fe as FeO. Mineral formula~ 
calculated on basis of: Pla~ioclase and magnetite. 0 = 3 2 ;  clinopyroxene and- 
ilmenite, 0=6; amphibole, 0=23; stllpnomelane. 0=24. Mesostasis = average 
of 5 analyses with beam i0 microns wide. 

Wo36 En44 Fs20. Minor Fe-Ti oxides form 
euhedral to skeletal grains in spatial association 
with interstitial intergrowths of quartz and felds- 
par in the mesostasis. Distinct pigeonite grains, 
pigeonitic exsolution lamellae in augite and 
pigeonite rimming augite show minor, local, 
preferential alteration to stilpnomelane (< 15%). 
Alteration had little effect on plagioclase. 

Pegmatite samples (MCK2B, 2T, 3B, 3T and 
MH2P) contain augite with a mean composition 
(Wo35 En41 Fs24) similar to that in the basalts, 
but grain edges are Fe-rich (Table 1). Locally, 
pyroxene is replaced by ferrorichterite (Table 1). 
In some samples (e.g. MCK2B and MCK2T), 
variolitic pyroxene needles cut large (4 ram), 
tabular, rarely needle-like, zoned (An62-41) 
plagioclase grains with the two minerals in 
approximately equal proportions. In other 
samples (e.g. MCK3B, 3T), pyroxenes occur as 
large (4 mm) tabular grains, as poikilitic and 
skeletal intergrowths in plagioclase grains (Fig. 
3b), and as lobes on pyroxene grains, or as 
globules bordering plagioclase, adjacent to a 
quartzo-feldspathic matrix (Fig. 3c). Fe-Ti oxides 

typically show skeletal textures (Fig. 3b). Polygo- 
nal spaces (~<3 mm) between pyroxene and 
plagioclase grains contain quartz-needle and 
feldspar intergrowths (Fig. 3c) and/or graphic 
intergrowths, or fine-grained to microcrystalline 
tan coloured masses (devitrified glass) which 
comprise 20% of each sample and have highly 
siliceous compositions (Table 1, mesostasis). 
Edges of, and pigeonitic exsolution lamellae 
within, augite grains are locally altered to stilpno- 
melane. Most commonly, stilpnomelane forms 
interstitial polygonal, structureless, microcrystal- 
line masses that resemble glass in that they 
extinguish under crossed polars. The Fe-rich 
stilpnomelane (Table 1) is spatially associated 
with (surrounds) large (~<2 mm) skeletal Fe-Ti 
oxide grains (Fig. 3b) and comprises 15-20% of 
each sample. 

Zoning in pegmatite mineral grains is truncated 
at the rhyolite bands (Fig. 3d) and angular pieces 
of pegmatite occur locally within the band. The 
fine-grained (<0.5 mm) rhyolites (MCK2FG, 
3FG, MH2FG) display a granular texture with 
plagioclase (An41-36) and potassium feldspar 
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intergrown with needles of quartz. Accessory 
phases include anhedral Fe-Ti oxides (~2%) and 
pale green anhedral pyroxenes (~5%) with Fe- 
and Ca-rich compositions (Table 1). Minor 
(~<5%) polygonally shaped pockets of micro- 
crystalline stilpnomelane occur between quartz 
needles and feldspar gains. 

Geochemistry 

Table 2 and Fig. 4 show that in comparison with 
the rhyolites and mafic pegamtites, the basalts 
have intermediate TiO2 (1.4 wt.%, volatile free) 
and total Fe values (9.5 wt.% FeO) but the 
highest A1203, Cr, CaO and Sr concentrations. 
The mafic pegmatites have higher TiO2 and FeO 
values (1.7 and 12.3 wt.% respectively) than the 
basalts or rhyolites. For many elements, concen- 
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trations in the basalts and pegmatites are similar. 
Some elements (e.g. MgO and P205) show large 
concentration variations in the pegmatites but the 
variations are not random. Complimentary peg- 
matite samples from above and below the rhyolite 
band are similar in composition (Fig. 4). The 
rhyolites display the lowest FeO, TiO2, }'205, and 
Sr concentrations and highest SiO2, K20, Th and 
Zr, 

The basalts and pegmatites have compositions 
closely resembling a Mesozoic tholeiite reported 
by Philpotts (1982) and known to contain immis- 
cible Fe-rich and Si-rich glasses. Si-rich glass in 
the Connecticut tholeiite is chemically similar to 
the rhyolites (Table 2) except that P205 is slightly 
higher in the latter. 

The geochemical effect of zeolite facies meta- 
morphism is difficult to assess. Previous studies 

Table 2 Averaged data, modelling results and comparative data. 

Averase Average Average Model Connecticut Tholeiite 5 
Basalt I Pesmatite 2 Rhyolite 3 Rhyolite 4 Si-Glass Pe-Olass Rock 

SiO 2 54. !i 53.Q3 71.61 
YiO 2 1.43 l.?l 0.70 
Al~Oo '= ' : 12 64 10.$8 
FeO '.:,. 59 12.30 6. 15 
MnO 0.24 0.26 O. 14 
M450 C,. 36 6. ,51 2.06 
C a O  c,. 6 6  8 . 7 7  2 . 3 8  
t~'a-20 2 . 4 ' 9  2 . 6 8  -~ l O  
K v O  O. 8 6  O. '-92 2 . 8 2  
P 2 C =  O. 16  O. 18  O. 15  

Rb 26 26 100 
Sr IQ7 1:52 124 
Ba iQg I~.4 666 
T h  3.  0 2.9 i2 
Z r  124 125 415 
Y 27 ~6 46 
La 14 15 3"2 
S m  4 . 4  4 . 9  9 . 0  
Eu 1.4 1.4 2.6 
Yb 2.4 2 . 9  4. 1 
Sc 3,5 43  i0 
V 3 0 3  3 7 5  2 9  
Cr 8:3 12 
C o  50 62 76 
.Ni 26 22 1 
Ga 1,8 16 17 

70.51 73.? 44.0 53.50 
0.69 0.6 4.0 1.12 

10.74 12.8 3.4 14,04 
6.06 5 , 0  3?.6 12.32 
0.71 0.0 0.6 0.22 
2.09 0 . 0  0 . 8  5.72 
2 . 3 6  2.5 8 . 8  9 . 8 6  
3.24 4.1 0.4 2.64 
2.95 1.3 0.I 0.34 
0 . 6 3  0 . 0  0 . 3  0 . 2 4  

Notes.: Major elements in o::ide wt. %, recalculated 100% volatile free. 
Total Fe as FeO. Trace elements in ppm. 
AveraEe data from Greenough and Dostal (in prep.). 
!. Average basalt = MCKI & M/qlgA. 
2. Average pegmatite = MCK2B. 2T, 3B and 3T. 
3. Averase rhyolite = MCK2FG and MCK3FG. 
4. Rhyolite modelled usin S mass-balance calculations (Bryan et al., 
!O69>and mineral analyses in Table I. Proportions of augite (MCK2B- 
4X):p!agioclase (MCKl3L):ilm%nite:magnetite:stilpnomelane are 
0.300:0.480:0,014:0.046:0.152. Percent crystallization = 75.1 and sum 
of squared residuals (R 2) = 1.8. 
5. Fe-rich and Si-rich $1ass and a whole-rook analysis for tholeiitio' 
basalt from Southbury Connecticut (Philpotts, 1982). 
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FIG. 4. Variation diagram showing selected major 
element oxides (wt.% volatile free, FeO = total Fe) and 
trace elements (ppm) plotted against the differentiation 
indicator Mg' [Mg' = Mg/(Mg + 0.9Fe) atomic]. Solid 
lines connnect pegmatite samples from above and below 

the rhyolite at the end of the dashed lines. 

have shown that the alkali and alkaline earth 
metals were mobile during metamorphism of the 
North Mountain Basalt (Dostal and Dupuy, 1984; 
Papezik et al., 1988; Greenough et al., 1989). 
However, Sr isotopic studies show that carefully 
selected samples, such as those used here, yield 
geochemical data suitable for petrogenetic inter- 
pretation (Jones and Mossman, 1988). Thus the 
assumption is made that reported element con- 
centrations primarily reflect original values. 

Discussion 

It is unlikely that the rhyolite bands represent a 
foreign siliceous magma because they occur at 
numerous locations along North Mountain as far 
as 225 km away from McKay Head. Further, it is 
difficult to propose a mechanism for the injection 
of 50+ m long by 2 crn wide rhyolite bands at 
regularly spaced intervals. Although sediments 
may have been assimilated at the base of the flow, 
it is doubtful that the bands represent partially 
assimilated material because of their height in the 
flow (near the top) and regular spacing. The 
bands must have formed from in-situ differentia- 
tion processes. 

Polygonal interstices in the pegmatites contain 
quartzo-feldspathic intergrowths that are textur- 
ally identical to those in the rhyolite bands. 
Locally the bands are connected to pegmatite 
interstices along rhyolite-filled 'cracks'. Appar- 
ently the rhyolite liquid was derived from the 
pegmatites, possibly by fractional crystallisation 
or liquid immiscibility. 

Crystal fractionation. Cumulus textures are 
absent in the flow, thus ruling out crystal settling, 
but crystal growth from the floor of the flow 
upward, or from the bottom and top of discrete 
layers, might explain the observed differentia- 
tion. This mechanism has been used to explain 
differentiation in many sills (Wager and Brown, 
1967). Another possible crystal fractionation 
mechanism involves separation of residual inter- 
stitial liquid through compaction of a crystal mush 
or by gas-charged filter pressing. One problem 
with the crystal fractionation hypothesis is that it 
should have produced high P205 concentrations 
in the rhyolites (Anderson and Gottfried, 1971), 
which is not the case. 

Mass balance calculations simulating crystal 
fractionation were incapable of reproducing rhyo- 
lite compositions from average basalt despite 
nearly 700 different mineral combinations being 
tried from a comprehensive and chemically 
diverse data set (70 analyses selected from over 
300 available) of 5 primary basalt and pegmatite 
mineral phases. The smallest R 2 (sum of squared 
residuals) obtained for a reasonable set of min- 
erals was - 3 0 .  In short, one or more phases 
necessary to effect mass balance is missing from 
the mineral data set. Adding stilpnomelane to the 
calculations produced much lower R 2 values (1.8; 
see model rhyolite, Table 2), suggesting that it 
represents the missing phase. Evaluation of the 
crystal fractionation hypothesis using trace ele- 
ment modelling techniques is difficult because 
modelled REE and HFSE concentrations are 
highly dependent on the percentage of apatite 
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removed and this is difficult to assess. Neverthe- 
less Sr and Ga decrease between basalt and 
rhyolite, an observation difficult to explain by 
crystal fractionation, 

Liquid immiscibility. Globules of one liquid 
(glass) in another is the only definitive evidence 
for immiscibility. Perhaps as a result of devitrifi- 
cation, complete crystallisation or entire segrega- 
tion, such evidence was not preserved in pegma- 
tite samples. Nevertheless, some chemical and 
textural data strongly suggests that immiscibility 
occurred. 

Textures indicative of immiscibility (Philpotts, 
1978) during crystallisation of the pegmatites 
include: (1) globules of Fe-rich pyroxene (analysis 
MCK3B-4X, Table 1) with crystal faces growing 
into and partially surrounded by or surrounding 
quartzo-feldspathic intergrowths. These types of 
textures have been attributed to inhomogeneous 
nucleation of Fe-ricb liquid globules oll early 
pyroxene and plagioclase grains; (2) inclusions in 
plagioclase of fine-grained Fe-rich pyroxene and 
Fe-Ti oxides are consistent with iron-rich immis- 
cible globules nucleating and locally coalescing on 
the surface of growing plagioclase crystals. Later 
the globules crystallised as pyroxene, oxides and a 
rim of zoned Na-rich plagioclase in optical 
continuity with the original plagioclase. 

Both Fe- and Si-rich glass may have originally 
existed in the pegmatites. Locally, the siliceous 
material filling polygonal interstices is microcrys- 
talline and resembles devitrified glass. Other 
polygonal interstices contain internally structure- 
less microcrystaUine stilpnomelane which sur- 
rounds, partially or totally, large skeletal ilme- 
nite-rich oxide grains (Fig. 3b). A large 
percentage of the stilpnomelane (70%) shows 
these textural relationships with oxide grains, 
although there is the possibility that some of the 
mineral represents gas cavity infilling. It seems 
probable that the Fe-Ti oxide grains grew from a 
supercooled Fe-rich liquid (hence the skeletal 
texture; Lofgren, 1974) and that the last portions 
of the liquid were quenched to form glass and 
later altered to stilpnomelane. The stilpnomelane 
chemically resembles some immiscible Fe-rich 
glasses though TiO2 and P205 are low and MgO 
high (compare Table 1, stilpnomelane and Fe- 
glass, Table 2). The low TiO 2 concentrations may 
reflect growth of the Ti-rich oxide grains prior to 
solidification of an Fe-rich liquid. The stilpnome- 
lane appears sensitive to local MgO diffusion 
because analyses from other pegmatite localities 
around the Bay of Fundy show higher FeO (total 
Fe) and lower MgO contents (36 and 2 wt.%, 
respectively) which are even closer to the Fe-rich 
glass composition. Phosphorus may have been 
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redistributed in a similar fashion and concen- 
trated in apatite grains. 

The degree of crystallisation required for the 
o n s e t  of immiscibility, and typical relative 
volumes of the two liquids are known from studies 
of basaltic rocks (e.g. Roedder and Weiblen, 
1971; Philpotts, 1982). These percentages and 
proportions can be estimated by treating the 
pegmatite-rhyolite layer as a whole, and adding 
the modal percentages of pegmatite quartzo- 
feldspathic matrix, rhyolite (in bands), and inter- 
stitial stilpnomelane in the pegmatites. These 
calculations indicate that by, or prior to 59 
volume percent crystallisation of an initial liquid 
with combined pegmatite + rhyolite composition 
(approximately basaltic), two immiscible liquids 
had formed. The volume proportions of Fe-rich 
liquid to Si-rich liquid are 32:68. Thus both the 
total percentage of immiscible liquids (41 vol.%) 
and relative proportions of Fe-rich to Si-rich 
liquid are typical of values recorded for basaltic 
rocks (e.g. Roedder and Weiblen, 1971; Phil- 
ports, 1982). 

Plagioclase and augite coexisting with immis- 
cible globules in tholeiitic rocks typically have 
compositions of An50 and Wo34En19Fs47 res- 
pectively (Philpotts, 1982). Pegmatite plagioclase 
(An60-An41) and augite (Wo39En46Fs15- 
Wo27En234Fs50) compositions encompass or 
approach these values. The pyroxenes coexist 
with minor pigeonite and give temperatures 
ranging from 1150~ to below 980~ using the 
Davidson and Lindsley (1985) two-pyroxene 
geothermometer. These temperatures overlap 
typical experimentally determined values for the 
onset of immiscibility in tholeiites of just over 
1000 ~ (Philpotts and Doyle, 1983). 

Fig. 5 illustrates that rhyolite compositions are 
consistent with immiscibility and that the pegma- 
tites are comparable to basalts containing immis- 
cible Fe- and Si-rich liquids (Philpotts, 1982). 
These rocks are similar to other Eastern North 
American tholeiites bearing immiscible liquids 
(compare basalt, pegmatite and rhyolite with 
Connecticut tholeiite analyses, Table 2). Of 
particular significance is their high total Fe 
content important to effecting immiscibility. 

Philpotts (1982) argued that two factors which 
help to determine the quantity of liquid remaining 
when immiscibility occurs (i.e. the percentage of 
liquid that will segregate to form two liquids) are 
the degree of magma evolution and oxidation 
potential. The average value of the differentiation 
indicator Mg' (where Mg' = Mg/(Mg + 0.9 x 
total Fe) atomic) for pegmatite samples (--0.52) 
falls in the middle of the range for subalkaline 
basaltic rocks hosting immiscible liquids (Phil- 
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Fro. 5. Plot of McKay Head rocks on the immiscibility 
diagram of Philpotts (1982) as modified from Greig 
(1927). Circled fields labelled A, B and C are for 
immiscible iron-rich glasses and silica rich glasses and 
their tholeiitic host rocks (Philpotts, 1982). Also shown 
is the immiscibility field for the system fayalite-leucite- 

silica from Roedder (1951). 

potts, 1982; 0.61-0.30). Early crystallisation of 
magnetite (as equant non-dendritic crystals) 
under oxidising conditions depletes the melt in 
iron and diminishes the amount of immiscible Fe- 
rich liquid that can form. Skeletal oxide grains 
(late-forming and indicative of quenching; Lof- 
gren, 1974) in McKay Head rocks suggest low foa 
conditions suitable for significant immiscibility. 

Natural rocks show an immiscibility field simi- 
lar to that in the synthetic system fayalite-leucite- 
silica (Roedder, 1951), except that titanium and 
phosphorus (and lower temperatures of forma- 
tion) in the former tend to expand the immisci- 
bility field (Freestone, 1978; Visser and Loster 
van Groos, 1979). Pegmatite P205 (0.19, wt.%, 
volatile free) and TiO2 concentrations (1.7) fall at 
the lower end of, and in the middle of (respect- 
ively), the range in basaltic rocks showing immis- 
cible liquids (Philpotts, 1982). The lower P205 
content of the rhyolites compared to the pegma- 
tites (Table 2) also supports immiscibility because 
partitioning of P205 into an Fe-rich liquid results 
in immiscibility-related rhyolites with low P205 
concentrations (Roedder, 1978). 

The immiscibility hypothesis can be evaluated 
given Fe-rich/Si-rich liquid partitioning coeffi- 
cients for various trace elements. Assuming that 
immiscibility occurred, there is no obvious 
method to quantitatively determine the compo- 
sition of the Fe-rich liquid, but comparison of 

relative trace element concentrations in the 
basalts, pegmatites, and rhyolites (Table 2) gives 
qualitative information on element behaviour. 
For example, the average Zr concentration in the 
pegmatites is the same as in the basalts but �89 of 
that in the rhyolites. Thus the Fe-rich liquid 
retained in the pegmatites probably had a low Zr 
content. This analysis indicates that Rb, Ba, Th, 
and Zr partitioned into the Si-rich melt and Sr and 
V entered the Fe-rich melt (or Fe-Ti oxides 
controlled V). Chromium, Ni and Sc partitioned 
into the Fe-rich melt or were controlled by 
pyroxene. Whether most REE, Y, Nb, and Ga 
preferred the Fe-rich or Si-rich liquid cannot be 
determined. 

In synthetic system melting experiments (Wat- 
son, 1976; Ryerson and Hess, 1978), high charge 
density cations (P, Ti, Zr, Ta, Cr, and the REE) 
were strongly enriched in the Fe-rich liquid, the 
alkaline earth metals (Sr, Ba) showed slight to 
negligible enrichment in the Fe-rich liquid, and 
the alkali metals (K, Rb, Cs) were strongly 
enriched in the Si-rich liquid. The antithetic 
behaviour of Th, Zr, Hf and Ba relative to the 
experimental results cannot be explained through 
immiscibility, suggesting that the effects of other 
processes may be superimposed. 

One possible explanation for the antithetic 
behaviour of Th, Zr, Hf and Ba is that the 
movement of magmatic volatiles syn- or post- 
crystallisation altered the distribution of some 
elements between the pegmatites and rhyolites. 
Amphibole replacing primary augite locally in the 
pegmatites (Table 1) is not characteristic of 
zeolite facies metamorphism and suggests that 
deuteric alteration occurred. Considering the 
evidence for immiscibility and limited ability of 
deuteric processes to produce large-scale redistri- 
bution of the major elements, it is suggested that 
if dueteric processes affected the rocks it is more 
likely that they overprint the effects of immisci- 
bility than fractional crystallisation. 

A second possible reason for the antithetic 
behaviour of Th, Zr, Hf and Ba is that the 
volatile-free synthetic-system experiments are 
not entirely applicable to some natural systems. 
Hypothetically, volatiles (water) could depoly- 
merise the siliceous liquid, thus modifying the 
distribution of elements between immiscible 
fluids compared to the experiments. 

Mechanisms for rhyolite segregation. If formed 
through immiscibility, the rhyolite liquid would 
have been 4 orders of magnitude more viscous 
than the Fe-rich liquid (see viscosity estimates in 
Philpotts and Doyle, 1980, and Philpotts, 1982). 
This poses the question of why the rhyolite 
separated from the pegmatite and not the Fe-rich 
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liquid? The occurrence of minor polygonal- 
shaped masses of stilpnomelane in the rhyolites 
plus high P205 concentrations (compared with 
the Connecticut Si-rich glass, Table 2) in the 
rhyolites indicate that some portion of the Fe-rich 
liquid did separate with the Si-rich glass. This 
aside, broken pegmatite crystals at the rhyolite 
interface show that pegmatite crystallisation 
occurred largely prior to formation of the rhyolite 
band. Vesicles in the rhyolite suggest that 'filter 
pressing' (Propach, 1976; Anderson et al., 1984), 
involving gas exsolution from interstitial magma, 
drove the rhyolite liquid into low pressure frac- 
tures forming the rhyolite bands. Given this 
mechanism analogy with petroleum reservoirs 
may explain why the Fe-rich liquid was largely not 
removed. Oil-water movement in petroleum 
reservoirs demonstrates that viscosity has a 
limited influence on the relative permeability of a 
porous medium to two immiscible liquids (Drake, 
1978, pp. 103-124). Generally, the liquid with 
smallest volume (i.e. water in oil reservoirs and 
the Fe-rich liquid in the pegmatites) and greatest 
mineral-surface wetting capacity will have the 
least ability to move through the porous medium. 
The liquid with the greater wetting capacity is 
difficult to determine because calculations pre- 
sented in Philpotts (1990, p. 231) indicate that the 
Si-rich liquid would wet feldspar grains whereas 
the Fe-rich liquid would wet pyroxene grains. 
However, the pegmatite should be more perme- 
able to the siliceous liquid due to its greater 
volume. Thus the rhyolite composition of the 
band is no more consistent with fractional crystal- 
lisation than with liquid immiscibility. 

Synopsis and summary 

The evidence for immiscibility may be summar- 
ised as follows: (1) textures such as fine-grained 
Fe-rich pyroxene globules on the surface of 
feldspar crystals argue for an Fe-rich liquid. (2) 
structureless, microcrystalline, interstitial, poly- 
gonal patches of Si-rich minerals and similar 
patches of stilpnomelane associated with skeletal 
Fe-Ti  oxide grains have bulk chemical compo- 
sitions (to a first approximation), relative propor- 
tions and total modal percentages generally 
consistent with their once having been Si-rich and 
Fe-rich glasses. (3) The basalts and pegmatites 
have bulk-rock compositions (particularly Fe, Ti 
and P), similar to rocks containing documented 
examples of immiscibility. (4) The major element 
composition of the rhyolite bands is consistent 
with their largely representing a siliceous liquid. 
(5) Pegmatite mineral compositions and inferred 
temperatures of formation are both compatible 
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with immiscibility. The antithetic behaviour of 
Th, Zr, Hf and Ba suggests that late-stage 
volatiles redistributed these elements or that 
volatiles depolymerised the siliceous liquid and 
modified trace element partitioning between the 
immiscible liquids. Mass balance calculations 
show that the alternative to immiscibility--frac- 
tional crystallisation--is incapable of explaining 
the major element composition of the rhyolite 
bands given primary mineral phases in the basalts 
and pegmatites. The 'missing' phase is repre- 
sented by stilpnomelane. Stilpnomelane com- 
monly occurs in 'granophyres'  from the Skaer- 
gaard complex, Greenland (Deer et al., 1966). 
McBirney (1975) reported that at least some of 
these granophyres display an immiscible relation- 
ship with adjacent Fe-rich mafic rocks. 

We suggest that the evidence for immiscibility 
forming the rhyolite bands is strong enough that 
studies on other thick flows are warranted. The 
rhyolite bands apparently represent the incipient 
stages of granophyre formation in intrusions. If 
granophyres form through immiscibility then 
rhyolite bands in thick flows appear suited to 
'bridging the gap' texturally and chemically, 
between totally segregated granophyres and 
immiscible globules in thin basalt flows. 
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